In immunocompetent individuals, the stability of the herpesvirus-host balance limits opportunities to study the disappearance of a virus-specific CD8 ؉ T-cell response. However, we noticed that in HLA-A*0201-positive infectious mononucleosis (IM) patients undergoing primary Epstein-Barr virus (EBV) infection, the initial CD8 response targets three EBV lytic antigen-derived epitopes, YVLDHLIVV (YVL), GLCTLVAML (GLC), and TLDYKPLSV (TLD), but only the YVL and GLC reactivities persist long-term; the TLD response disappears within 10 to 27 months. While present, TLD-specific cells remained largely indistinguishable from YVL and GLC reactivities in many phenotypic and functional respects but showed unique temporal changes in two markers of T-cell fate, interleukin 7 receptor alpha (IL-7R␣; CD127) and programmed death 1 (PD-1). Thus, following the antigen-driven downregulation of IL-7R␣ seen on all populations in acute IM, in every case, the TLD-specific population recovered expression unusually quickly post-IM. As well, in four of six patients studied, TLD-specific cells showed very strong PD-1 upregulation in the last blood sample obtained before the cells' disappearance. Our data suggest that the disappearance of this individual epitope reactivity from an otherwise stable EBV-specific response (i) reflects a selective loss of cognate antigen restimulation (rather than of IL-7-dependent signals) and (ii) is immediately preceded, and perhaps mediated, by PD-1 upregulation to unprecedented levels.
Virus-specific CD8
ϩ T cells play a major role in controlling primary virus infections, but what determines the long-term fate of these cells is poorly understood (23, 31, 42) . Studies of lymphocytic choriomeningitis virus (LCMV) infection in mice show that, where the virus is completely cleared in vivo, entry into and maintenance within the CD8 memory pool depends upon the homeostatic cytokine interleukin 7 (IL-7) and is restricted to LCMV-specific T cells that reacquire the high-affinity IL-7 receptor alpha (IL-7R␣; CD127) (22) . However, in situations in which LCMV is not cleared, the virus-specific-Tcell pool never becomes fully IL-7R␣ positive, and its maintenance depends upon chronic antigen stimulation rather than IL-7 (24, 36, 43) . Furthermore, with ongoing virus replication, the LCMV-specific CD8 ϩ T cells remain detectable but become functionally exhausted, responding poorly to antigen in ex vivo assays (16, 42, 44, 47) . This is marked by the cells' upregulation of programmed death 1 (PD-1), one member of the CD28 family of proteins that modulate T-cell responses through specific receptor-ligand interactions with B7 family members (5) . PD-1 normally acts as an inhibitor of T-cell function (18) , and indeed, in mice with chronic LCMV infection, monoclonal antibody blockade of the PD-1-PD-1 ligand interaction reversed functional exhaustion and reduced viral load (5) . Likewise, chronic uncontrolled infection with human immunodeficiency virus (HIV) or hepatitis B (HBV) or C (HCV) viruses in humans can lead to functional impairment of the virus-specific CD8 ϩ T cells, again marked by their increased PD-1 expression (8, 13, 27, 28, 30, 38, 39) .
Human herpesviruses, such as Epstein-Barr virus (EBV) and cytomegalovirus (CMV), also elicit strong CD8 ϩ T-cell responses to virus replicative (lytic) cycle proteins (21, 37) , especially during primary infection when they are manifest as infectious mononucleosis (IM) (20, 45) . These viruses are never cleared but persist by establishing niches of latent infection, thus evading CD8 ϩ T-cell surveillance rather than compromising its function. Occasional low-level reactivations from latency into the lytic cycle provide recurrent antigen challenge and, as a result, the full range of virus-specific CD8 ϩ T-cell responses tend to be maintained in the immunocompetent host throughout long-term virus carriage. Interestingly, recent prospective studies of EBV-positive IM patients provided a rare exception to the general stability of herpesvirus-specific CD8 ϩ T-cell memory in virus carriers (19) . Thus, all HLA-A*0201-positive patients make a primary response to three A*0201-restricted EBV epitopes, YVLDHLIVV, GLCTLVAML, and TLDYKPLSV (designated YVL, GLC, and TLD, respectively). These are derived from three viral proteins, BRLF1, BMLF1, and BMRF1, respectively, that are expressed in the immediate early (BRLF1) and early (BMLF1 and BMRF1) phases of the virus replicative cycle. While YVL-and GLCspecific cells persist in the longer term, as do responses to many other EBV lytic and latent cycle epitopes studied (11, 21, 46) , the TLD response almost always disappears (19) . Here, we followed the TLD-specific cell population over time post-IM and found that its disappearance is preceded by distinctive changes in the expression of two key markers associated with T-cell fate, IL-7R␣ and PD-1.
MATERIALS AND METHODS

Donors
. IM patients were bled during the acute phase and at intervals up to 27 months later; in all cases, acute symptoms resolved within 1 month. Peripheral blood mononuclear cells (PBMCs) were cryopreserved on each occasion, and all samples from an individual patient were tested together. Healthy donors of known HLA type and known EBV/CMV serologic status, as controls, were also bled. Blood was taken with informed consent, and the study was approved by the South Birmingham Health Authority Local Research Ethics Committee.
Phenotypic analysis. (i) Tetramer staining. Phycoerythrin (PE)-or Tricolor Fluorochrome-conjugated HLA class I-peptide tetramers were prepared and used as previously described (3, 19) , representing EBV lytic cycle epitopes A2/YVLDHLIVV, A2/GLCTLVAML, A2/TLDYKPLSV, B8/RAKFKQLL, and B35/EPLPQGQLTAY; EBV latent cycle epitopes A2/CLGGLLTMV, B8/ FLRGRAYGL, B8/QAKWRLQTL, B35/YPLHEQHGM, and B35/HPVGEAD YFEY; and CMV epitopes A2/NLVPMVATV, A2/VLEETSVML, B8/ELRRK MMYM, B8/ELKRKMIYM, B8/QIKVRVDMV, and B35/IPSINVHHY.
(ii) IL-7R␣ staining. Goat anti-human IL-7R␣ antibody (R&D Systems, Minneapolis, MN) was detected by fluorescein isothiocyanate (FITC)-conjugated swine anti-goat immunoglobulin G antibody (Caltag Laboratories, Burlingame, CA) as previously described (33, 34) ; cells were dually stained with Tricolorlabeled anti-human CD8 monoclonal antibody (MAb) (Caltag). In selected cases, IL-7R␣ staining was also carried out using directly conjugated MAbs, namely, mouse anti-human CD127-PE (clone R34.34; Beckman-Coulter, Fullerton, CA) and mouse anti-human CD127-allophycocyanin (APC) (clone 40131; R&D Systems). In one case where cell numbers allowed, responsiveness to IL-7 was studied by exposing PBMCs to 5 ⌴ epitope peptide and then culturing for 7 days in medium supplemented with 5 ng/ml IL-7; tetramer-positive cell numbers were determined at the start and end of the culture period by tetramer staining of counted cell populations.
(iii) PD-1 staining. Cells first stained with Tricolor-labeled tetramer were exposed to the PE-labeled anti-human PD-1 specific antibody (at 0.5 g/ml) as described previously (14) and to FITC-labeled CD8 MAb (BD Biosciences, San Jose, CA). In some experiments, staining was also confirmed using a different PD-1-PE antibody (PD-1; eBioscience, San Diego, CA) (used at 0.5 g/ml).
(iv) Other markers. PBMCs were stained with pretitrated concentrations of tetramer (conjugated to PE or Tricolor) and then stained with directly conjugated or unconjugated antibodies plus the appropriate second step as described previously (4) . The antibodies were anti-CD38 (APC; BD Biosciences), -Bcl2 (FITC), -Ki67 (FITC), -CCR7 (PE-Cy7; all Beckman Coulter), -CD45RA (PETexas Red), -CD8 (Alexa405; Caltag), and -CD3 (Cascade Yellow; Dako).
Functional assays (intracellular multifunction staining). For stimulation, at least 10 6 PBMCs, prestained with tetramer, were incubated in the presence of specific peptide (5 M) and anti-PE-Cy5-conjugated CD107a for 1 h at 37°C in a 5% CO 2 incubator, followed by an additional 5 h in the presence of the secretion inhibitors monensin (2.5 g/ml; Sigma-Aldrich) and brefeldin A (5 g/ml; Sigma-Aldrich). After incubation and washes, BD Cytofix/Cytoperm was used for permeabilization of the cells prior to MAb staining using Alexa405-labeled anti-CD8 and one of the intracellular markers, i.e., APC-conjugated anti-IL-2 (BD Biosciences), Alexa700-labeled anti-gamma interferon (IFN-␥) (BD Biosciences), PE-Cy7-conjugated anti-tumor necrosis factor alpha (TNF-␣) (BD Biosciences), or FITC-labeled anti-MIP-1␤ (R&D Systems). PBMCs processed in parallel but without peptide stimulation served as controls.
All stainings were analyzed either on an Epics flow cytometer (Beckman Coulter, Fullerton, CA) or on an LSR2 flow cytometer (Becton Dickinson) with appropriate isotype controls and color compensation. Data from cell stainings for CD107a or cytokines were expressed as a percentage of the tetramer-positive, CD8 ϩ population.
Statistical analysis. Statistical analysis was performed using GraphPad Prism software. Data were compared using a Mann-Whitney test, and significant differences were verified with 95% confidence intervals.
RESULTS
Characterization of the disappearing TLD response. Figure  1A illustrates a result that we consistently observed in an earlier study of HLA-A*0201-positive IM patients (19) . Tetramer staining, in this case for samples from patient IM13, detected CD8 ϩ T-cell responses to three EBV-encoded lytic cycle epitopes, YVL, GLC, and TLD, in the blood during the acute phase of the disease. However, in a follow-up blood sample from the same individual, in this case, obtained 14 years later, the YVL-and GLC-specific populations were still detectable but the TLD response had disappeared. Here, we focused on six HLA-A*0201 patients from the earlier study, from whom blood samples had been taken over the first 2 years post-IM (19) , and reexamined additional aliquots of cryopreserved PBMCs by tetramer/CD8 dual staining. Figure 1B presents the results from one such patient, IM140, showing that in this case, the TLD response became undetectable within 14 months of the acute disease. For the results for all six prospective study patients, see Table S1 in the supplemental material. In each case, the TLD-specific population disappeared within 10 to 27 months post-IM, even in patients for whom this was the largest of the three epitope-specific responses in the acute phase (IM146 and IM179); by contrast, the YVL and GLC responses always persisted. Also available upon request are data from 12 HLA-A*0201-positive long-term virus carriers with no history of IM. Such individuals are consistently positive for YVL-and GLC-specific cells but lack detectable TLD reactivity; this is also true for tonsillar cell preparations from such virus carriers (20) , indicating that these findings reflect a genuine absence, and not a relocation, of the TLD response.
We then compared the YVL-, GLC-, and TLD-specific populations in post-IM blood samples to look for distinguishing features of the TLD response that might explain its inability to persist. We hypothesized that TLD-specific cells might show one of three characteristics. (i) The first is prolonged retention of the activated (CD38 ϩ Ki67 ϩ ) and apoptosis-prone (Bcl2 lo ) phenotype shown by primary effectors in acute IM and associated with the marked culling of virus-specific CD8 ϩ T-cell numbers immediately post-acute phase (9, 29) . (ii) The second is unusual distribution along the central memory (CCR7 ϩ CD45RA Ϫ ), effector memory (CCR7 Ϫ CD45RA Ϫ ), and effector terminal (CCR7 Ϫ CD45RA ϩ ) differentiation pathway post-IM (19) , in particular, a greater movement into the effector terminal subset which some have associated with proliferative exhaustion (31) . (iii) The third is overreliance upon T-cell clones of unusually low functional avidity, such that the response might be outcompeted by higher-avidity responses to other epitopes. In fact, the TLD response was not unusual in any of the respects listed above. Thus, within any individual patient, the YVL, GLC, and TLD responses showed similar rates of transition from their initial CD38 ϩ Ki67 ϩ Bcl2 lo status toward the CD38 Ϫ Ki67 Ϫ Bcl2 ϩ phenotype typical of longerterm memory (data not shown) and assumed similar distributions across the central memory, effector memory, and effector terminal subsets (data shown). Likewise, CD8
ϩ T-cell clones specific for the three epitopes could be established with equal facility from 3-to 4-month-post-IM bleedings, and their analysis in peptide titration assays showed that, in the three post-IM patients studied, TLD-specific clones showed higher functional avidity than GLC-specific clones and were either VOL. 83, 2009 IL-7R␣ AND PD-1 IDENTIFY DISAPPEARING T-CELL RESPONSE 9069 equal to YVL-specific clones in this respect or intermediate between the more-avid YVL and less-avid GLC values (data not shown). Since these experiments did not reveal any defining feature of the TLD response, we went on to examine two other potentially relevant markers that, in mouse model systems (5, 22) , can influence virus-specific CD8 ϩ T-cell fate, IL-7R␣ and PD-1.
Accelerated recovery of IL-7R␣ expression on TLD-specific cells post-IM. Earlier work has shown that IL-7R␣ expression is lost on the activated CD8 ϩ T cells in acute IM (33); thereafter, while expression quickly recovers on the bulk CD8 ϩ T-cell population, EBV lytic cycle epitope-specific populations typically take 2 years to acquire the 50 to 70% IL-7R␣ positivity shown by these populations in long-term EBV carriers (34, 40) . This incomplete recovery of IL-7R␣ expression on EBV-specific CD8 ϩ T cells is typical of responses to persistent, as opposed to cleared, infections (24, 43) and is likely to reflect the effects of ongoing chronic antigen restimulation (7). Interestingly, the TLD response proved different in this respect. Figure 2A shows tetramer/IL-7R␣ dual stains, analyzed on 
CD8
ϩ T cells, in successively obtained blood samples from patient IM179. Recovery of IL-7R␣ expression was characteristically slow on the YVL-specific (and GLC-specific [data not shown]) populations, reaching the 50 to 60% levels seen in an HLA-A*0201-positive healthy carrier control only after 27 months. By contrast, the TLD response had become 50% IL-7R␣ positive by 4 months post-IM, and at 10 months (i.e., the last blood draw before the response disappeared), Ͼ80% cells were positive. As summarized in Fig. 2B , this same pattern was observed for four other IM patients analyzed in detail (IM113, IM119, IM140, and IM146). In each case, the disappearance of the TLD response was preceded by markedly accelerated recovery of IL-7R␣ expression on TLD-specific T-cell populations relative to YVL-and GLC-specific T-cell populations. Note that another patient, IM123, was examined only at the last blood draw before the TLD response disappeared (IM123.2). In this case, the TLD-specific population was 48% IL-7R␣ positive, whereas the corresponding value for the GLC-specific population was 18% (data not shown). We further checked these findings by using two directly conjugated mouse anti-IL-7R␣ MAbs. Similar IL-7R␣ staining profiles were obtained for TLD-specific cells in successively obtained blood samples from IM140 by using the original protocol and using the two directly conjugated reagents (data not shown). IL-7R␣ expression was absent on the great majority of TLDspecific cells in acute primary infection (IM140.1) but had recovered on 38 to 48% of the population in the 3-month blood samples (IM140.2) and on 71 to 89% of the population in the 10-month blood samples (IM140.4). To look for evidence that the enhanced recovery of IL-7R␣ on TLD-specific cells as opposed to GLC-specific cells was also reflected in IL-7 responsiveness in vitro, we exposed small remaining aliquots of IM140.2 and IM140.4 PBMCs to the TLD and GLC peptides and then cultured for 7 days in 5 ng/ml IL-7. Over this period, tetramer staining showed 1.8-fold (IM140.2) and 2.2-fold (IM140.4) expansions of TLD-specific cell numbers, whereas the corresponding values for GLC-specific cell numbers were 0.4-fold and 0.8-fold, respectively.
Marked upregulation of PD-1 on TLD-specific cells preceding their disappearance. For a prelude to PD-1 phenotyping of the TLD response, we determined PD-1 levels on EBV lytic cycle, EBV latent cycle, and CMV epitope-specific populations in the blood of 11 healthy carriers. IM119, IM140, and IM146) , showing the percentages of YVL-, GLC-, and TLD-specific tetramer-positive cells that expressed IL-7R␣, plotted against time from the acute disease. In each case, the last blood sample taken before disappearance of the TLD-specific population is marked with a dagger. Comparing values from the last available blood sample in which all three epitope-specific populations were detectable for the five patients analyzed plus IM123 (see the text), the difference between the percentages of TLD-specific cells versus YVL/GLC-specific cells that were IL-7R␣ positive is significant (P ϭ 0.001).
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IL-7R␣ AND PD-1 IDENTIFY DISAPPEARING T-CELL RESPONSEfluorescence intensity (MFI) of anti-PD-1 antibody staining to that of an irrelevant antibody control, and PD-1 levels were very low on bulk CD8 ϩ populations (mean ratio, 2.7) but progressively higher on CMV, EBV lytic cycle, and EBV latent cycle populations (mean ratios, 3.6, 12.8, and 16.4, respectively).
We then used the same protocols to follow the PD-1 status of YVL-, GLC-, and TLD-specific responses in IM patients. Figure 4 shows data from two patients, IM140 and IM113. In both cases, all three epitope-specific populations showed moderate PD-1 staining in the acute phase, but all had fallen to a low level in samples IM140.3 and IM113.2, taken after 8 and 14 months, respectively. This contrasts with the situation just 2 to 3 months later for the last blood samples, IM140.4 and IM113.3, in which the TLD response was still detectable. In both cases, while PD-1 staining of the YVL-and GLC-specific cells was still at a low level, the TLD-specific population had upregulated PD-1 expression to an unprecedented level, with MFI ratios of Ͼ100, at least 5-fold higher than the peak levels seen on epitope-specific cells in the acute phase of the disease and at least 20-fold higher than seen on YVL-and GLCspecific cells in the same late blood samples.
The results of PD-1 staining assays are summarized in Fig. 5 as histograms of MFI ratios. In addition to IM140 and IM113, another two patients, IM119 and IM123, also showed marked upregulation of PD-1 on TLD-specific cells in the last blood samples taken before that response disappeared. In these two cases, the key samples (IM119.2 and IM123.2) were taken just 2 to 4 months post-IM, at which time both the YVL and GLC responses still retained the moderately high PD-1 levels typical of the acute disease. However, the disappearing TLD response was again quite distinct, showing levels of PD-1 upregulation that were by comparison between 3-and 12-fold higher than these coresident reactivities. Note that for the two remaining patients (IM146 and IM179; data not shown), PD-1 expression was again moderate on epitope-specific CD8 ϩ T cells in acute IM and then fell to a low level; in these patients, for whom there was a 8-to 17-month gap between blood draws, encompassing the disappearance of the TLD response, we did not detect any change in PD-1 levels in the last blood sample in which TLD-specific cells were present.
Functional competence of TLD-specific responses in ex vivo assays. In models of chronic uncontrolled viral infection, PD-1 upregulation on virus-specific CD8 ϩ T cells has been linked to their progressive functional impairment, as detected in cyto- ϩ T cells and for CD8 ϩ tetramer-stained T cells specific for the HLA-B*0801-restricted EBV latent cycle epitope FLR, for the HLA-A*0201-restricted EBV lytic cycle epitope YVL, and for the HLA-A*0201-restricted CMV epitope NLV. For each cell population, the level of PD-1 staining is expressed as a ratio of the MFI of PD-1 antibody staining relative to that of isotype control antibody staining; isotype control MFI values were between 11 and 29, with a mean of 19.2. (B). Scatter plot showing composite PD-1 data from blood samples from 11 healthy EBV and/or CMV carriers stained as described above. Results, expressed as MFI ratios as described above, are shown for total CD8 ϩ T cells in PBMCs and for CD8 ϩ tetramer-stained cells specific for panels of EBV latent cycle, EBV lytic cycle, and CMV epitopes. Individual symbols refer to individual results from each donor, and horizontal lines show the median levels. Statistically significant differences in levels of PD-1 expression were observed between EBV latent cycle and CMV epitopes (P ϭ 0.002) and EBV lytic cycle and CMV epitopes (P ϭ 0.001) but not between EBV latent cycle and EBV lytic cycle epitopes (P ϭ 0.09). ϩ population. For each cell population, the level of PD-1 staining is expressed as a ratio of the MFI of PD-1 antibody staining relative to that of isotype control antibody staining; isotype control MFI values were between 8.9 and 26.5, with a mean of 14.9. toxicity and cytokine release assays when the cells are stimulated ex vivo with cognate peptide (28) . We therefore compared the functional competences of TLD-specific cells and their GLC-specific counterparts. Acute and post-IM PBMC samples from one patient (IM140.1, IM140.3, and IM140.4) and the key post-IM samples from two other patients for whom TLD-specific cells were PD-1 hi (IM123.2 and IM119.2) were stained for CD8 and tetramers and stimulated with epitope peptide, and the responses were monitored by surface staining for CD107a as a marker of cytolytic function and by intracytoplasmic staining for the cytokines IFN-␥, TNF-␣, IL-2, and MIP-1␤. Non-peptide-stimulated cells served as controls. Figure 6 shows data from the IM140.4 blood sample (gated on epitope-specific populations) and fluorescence-activated cell sorter (FACS) profiles of the IFN-␥ response relative to a second marker. The majority of both GLC-specific (64%) and TLD-specific (73%) cells mobilized CD107a in response to epitope stimulation. In terms of cytokine production, both epitope-specific populations gave uniformly low IL-2 (and MIP-1␤ [ Fig. 6 and data not shown] ) responses, whereas some difference was observed in the IFN-␥ and TNF-␣ assays, with high proportions of GLC-specific cells responding compared to TLD-specific cells. The full set of functional results from GLCand TLD-specific cells in the successive IM140 samples, alongside the phenotypic data obtained from these populations in the CD38/Ki67/Bcl2, CCR7/CD45RA, IL-7R␣, and PD-1 staining assays, are summarized in Table 1 . Table 1 also shows the corresponding functional results and phenotype data for GLC-and TLD-specific cells in the IM123.2 and IM119.2 samples. Here again, the PD-1 hi TLD-specific cells still made IFN-␥ and TNF-␣ responses to peptide in ex vivo assays, though less strongly then their GLC-specific counterparts, while their responsiveness in CD107a mobilization assays remained entirely intact.
DISCUSSION
Herpesvirus carriage, as opposed to chronic progressive infection with viruses such as HIV, HBV, and HCV, is characterized by a stable virus-host balance and long-term mainte-
FIG. 5. Histograms showing levels of PD-1 expression on total CD8
ϩ T cells and on the YVL, GLC, and TLD epitope-specific populations in PBMCs from patients IM140, IM113, IM119, and IM123 during acute IM and at later times. Results are expressed as MFI ratios as described in the legend to Fig. 4 . Note that the IM140.4, IM113.3, IM119.2, and IM123.2 samples are the last samples obtained in which a TLD-specific response was detectable; where PD-1 staining on TLD-specific cells exceeds the vertical scale, the actual MFI ratios for these TLD-specific populations are shown above the relevant columns. In a comparison of values from the last available blood sample in which all three epitope-specific populations were detectable for the four patients analyzed, the difference between PD-1 expression on TLD-specific and YVL/GLC-specific cells was significant (P ϭ 0.028).
9074
SAUCE ET AL. J. VIROL.
nance of the virus-specific CD8 ϩ T-cell response. The consistent disappearance of reactivity to the EBV-encoded TLD epitope in HLA-A*0201-positive IM patients (Fig. 1) provided a rare opportunity to examine virus-specific CD8 ϩ T-cell fate in a situation where the virus infection as a whole remains under strong host control. We asked whether nonpersistence of the TLD response might be associated with an overreliance on low-avidity clones or with prolonged retention of the highly activated phenotype of primary effectors post-IM or with extreme differentiation into the effector terminal memory compartment. In fact, none of these scenarios proved to be the case. Distinguishing features of the TLD response were identified only when we turned to two other markers that, in a mouse model system, had been implicated as determinants of CD8 ϩ T-cell fate, IL-7R␣ and PD-1 (5, 22) . The percentage of IL-7R␣-positive cells in TLD-specific populations rose much faster post-IM than that in YVL-or GLC-specific populations (Fig. 2) . Since all three responses contract at this time, it might be argued that any rise in percent IL-7R␣ positivity simply reflects the preferential survival of IL-7R␣-positive cells at the expense of IL-7R␣-negative counterparts in the same population (22) . If this were true, such a rise would be seen most quickly in the epitope-specific response that is most heavily culled post-IM. This cannot explain the present findings, however, since the rapid switch to IL-7R␣ positivity in the TLD response was seen for all six HLA-A*0201-positive IM patients studied, even for cases such as IM140 and IM146, from whom YVL-, GLC-, and TLD-specific populations were culled equivalently in the months following the acute phase (see Table S1 in the supplemental material). The reacquisition of IL-7R␣ by T cells that are destined to disappear might seem paradoxical, given the work on LCMV infection in mice in which IL-7R␣ reexpression was identified as a positive marker of CD8 ϩ T-cell selection into memory and IL-7 was identified as a key homeostatic cytokine mediating memory cell survival (22) . However, those findings were made in the context of an acute LCMV infection that was rapidly cleared, generating memory cells that subsequently persisted in the absence of antigen. In complete contrast, CD8 ϩ T-cell responses raised in a setting of ongoing chronic LCMV infection appear to remain dependent upon continual antigen stimulation for their survival. Even though some of those virusspecific cells become IL-7R␣ positive, they could not be sustained by IL-7-mediated homeostatic signals (24, 36, 43) . A similar antigen dependence is also suggested from observations of CD8 ϩ T-cell responses to persistent HIV infection in humans, in which a virus mutation leading to epitope loss leads to the decline and/or disappearance of T cells specific for that particular epitope while other epitope reactivities persist (2, 10, 15, 17) . From such studies and from the results from the mouse herpesvirus 68 model (26), we would expect EBV-specific CD8 ϩ T-cell survival post-IM to be similarly dependent upon recurrent antigen exposure and not upon signals from IL-7. Indeed, note that just as with LCMV-specific CD8 ϩ T cells in chronically infected animals, EBV-specific CD8 ϩ populations (including those specific to YVL and GLC) persist for life in healthy carriers without ever becoming fully IL-7R␣ positive (33, 40) . More importantly, when CD8 ϩ T-cell memory populations against a range of EBV and CMV epitopes were compared, the percentage of IL-7R␣-positive cells within an epitope response was found to be inversely proportional to the size of that response (34) . We infer from this that the degree of IL-7R␣ downregulation within an epitope-specific population might actually reflect the frequency with which these cells reencounter cognate antigen in vivo. As such, we take the rapid recovery of IL-7R␣ expression on TLD-specific cells post-IM to reflect a loss of sustained epitope stimulation, with the cells eventually disappearing as a result. To date, our findings are restricted to the TLD epitope, and there may be features of TLD epitope stimulation that render it unique in this regard. However, it becomes important to look for other examples of EBV lytic cycle epitopes/antigens that induce but cannot sustain CD8 ϩ T-cell responses. One possibility is that responses to some delayed early as well as late antigens of the lytic cycle are preferentially affected in this way because their presentation is most sensitive to EBV's blockade of the HLA class I pathway in lytically infected cells (12, 48, 49) . In such circumstances, as the viral load falls post-IM, the relevant T cells may no longer receive antigen stimulation.
A second distinguishing feature of the TLD-specific response relates to its PD-1 status over time. (18) Initially, PD-1 was upregulated on all EBV-specific CD8 ϩ T-cell effectors in acute IM, consistent with other reports that its expression is transiently increased on T cells reactive to a primary virus infection (39, 41) . After resolution of the acute infection, PD-1 levels on YVL-, GLC-, and TLD-specific populations fell over time to levels typical of lytic cycle epitope-specific cells in the blood of healthy carriers (i.e., above the low baseline shown by the bulk CD8
ϩ population yet, interestingly, slightly below that of latent cycle epitope-specific cells). However, in four of six patients tested (IM140, IM113, IM119, and IM123), PD-1 was markedly upregulated on TLD-specific cells in the last blood sample in which such cells were detectable. These patients' TLD responses must have disappeared at most within 4 to 9 months of that sample being taken or perhaps much earlier, soon after those blood samples were taken (see Table S1 in the supplemental material). For the other two patients (IM146 and IM179), therefore, it seems possible that PD-1 upregulation on TLD-specific cells could have occurred, but could have been missed, in the 7 to 17 months between the penultimate and final blood draws.
Two aspects of these findings in the EBV system contrast with those seen in chronic uncontrolled viral infections. The first is the relationship between PD-1 phenotype and function. Studies of chronic LCMV infection in mice identified PD-1 upregulation as being instrumental in the functional exhaustion of virus-specific CD8 ϩ T cells, with rapid loss of cytotoxic responses and progressive loss of cytokine secretion responses to antigenic challenge (5) . Likewise, in patients with progressive HIV, HBV, or HCV infection, while CD8 ϩ T cells reactive to multiple viral epitopes remain detectable in the blood by tetramer staining, these cells have upregulated PD-1 expression and show impaired cytokine responses to cognate peptide stimulation in either overnight or 6-day culture assays (8, 13, 27, 28, 30, 38, 39) , though in some cases, they retain activity in CD107a mobilization assays (1, 32) . However, in our study, the disappearing TLD-specific cells remained largely functional in ex vivo peptide stimulation assays despite very high PD-1 expression. Thus, they still gave detectable cytokine (IFN-␥ and TNF-␣) responses, albeit somewhat reduced compared to those of GLC-specific control cells, and their cytotoxic response, as measured in CD107a mobilization assays, was completely unimpaired. It may be that, in the special case of late TLD-specific cells, other factors have overridden the effects of PD-1-mediated functional impairment. As recent work has shown, a T cell's functional state is not determined by PD-1 levels alone but by the overall balance of multiple stimulatory and inhibitory receptors on the T-cell surface (6, 18) . A second unusual aspect of the phenotype of TLD-specific cells immediately before their disappearance is the combination of high PD-1 expression and IL-7R␣ positivity. While coexpression of these markers has been noted in circulating CD8 ϩ T cells specific for certain HBV and HCV epitopes (8, 30) , most studies of CD8 ϩ T-cell responses to chronic viral infections in humans report progressive PD-1 upregulation and IL-7R␣ downregulation (30, 38) . This PD-1-positive, IL-7R␣-negative phenotype is likely a direct consequence of chronic stimulation in a situation of high antigen load (25, 36) , since it is known that antigen stimulation upregulates PD-1 with the kinetics of an activation antigen (32) and downregulates IL-7R␣ (35) . In contrast, the asymptomatic carrier state established following primary EBV infection is characterized by low virus loads which, we infer, provide a sufficiently strong antigenic stimulus to maintain most reactivities within the EBVspecific CD8 response. Those well-maintained epitope-specific populations therefore express PD-1 at low to intermediate levels and IL-7R␣ at intermediate levels. In the case of the TLD-specific cells, we suggest that they suffer inadequate antigenic stimulation; one consequence of this is that they move to an IL-7R␣-positive state, and another is that they are destined to disappear. In at least some of the cases studied here, this was associated with, perhaps executed through (28) , marked upregulation of PD-1. Our study therefore suggests that PD-1 upregulation on virus-specific CD8 ϩ T cells may have different implications in different contexts. In a chronically replicating infection, moderate levels of PD-1 upregulation are seen on multiple components of the virus-specific response, indicating its progressive impairment. In a persistent but controlled infection, much higher expression of PD-1 can identify an individual epitope response that is apparently still largely functional but, unlike coresident responses, is destined to be lost.
